A study was conducted to examine the feasibility of estimating the global burden of disease due to fluoride in drinking water. Skeletal fluorosis is a serious and debilitating disease which, with the exception of one area in China, is overwhelmingly due to the presence of elevated fluoride levels in drinking water.
INTRODUCTION
Elevated levels of fluoride in drinking water (i.e. levels above the World Health Organization (WHO) guideline value of METHODS Exposure-response relationship A literature review was conducted to identify studies on dental and skeletal fluorosis that could be used to establish tentative exposure-response relationships. These were identified through database searches (including Medline and Poltox), bibliographic lists from the collected references and the Internet. Twelve studies were identified for dental fluorosis, outlined in Table 1 .
In order to compare the results of the various studies, which used different indices to score the degree of fluorosis, data were transformed into the simple grading system proposed by Haimanot et al. 1987 (shown in Table 2 ).
Data for skeletal fluorosis were found to be less extensive. Here, only four studies presented data on skeletal fluorosis attributed to drinking water fluoride concentrations and suggested exposure-response relationships (Choubisa et al. 1996 (Choubisa et al. , 1997 Liang et al. 1997; Wang et al. 1997) . The studies were performed in India and China.
For both dental and skeletal fluorosis, the percentage of the population exhibiting fluorosis (grade 2 or greater for dental fluorosis) was plotted against drinking water fluoride concentration in an 'Excel' spreadsheet and the doseresponse relationship defined by plotting the best fit trend line from the Excel options.
Exposure
Geological data might provide information suitable for estimating likely drinking water fluoride concentrations, using data on the distribution of rock types to indicate likely fluorine, calcium and sodium exposures from which the population fluoride exposure could be derived. Precise geological data of this nature are, however, not available at the global level.
In this assessment, a multivariate analysis was used to predict the drinking water fluoride concentration. The data for this analysis were derived as follows. Fluoride concentration data from the rural areas outlined in Table 3 were used for the dependent variable. A number of independent variables, suggested in the literature, were explored (Hudson & Espenshade 1995; UN 1999 UN , 2000 WRI 1999; World Bank 2000) , including: † mean annual precipitation aggregated into bands (, 250 mm/year, 250 -500 mm/year and so on); † population density; † water resource use; † gross national product; † level of agriculture; † level of industrial employment; and † WHO comparative risk assessment (CRA) region. 
Disease burden
Predicted elevated drinking water fluoride concentrations (i.e. concentrations above 1.5 mg/l), derived from the multivariate analysis, were used as the predictor (x-axis) variable in the exposure-response curve defined from the literature to estimate the percentage of the population affected by dental and skeletal fluorosis. These figures were In this part of the analysis it was necessary to make a number of assumptions: † The age of onset for dental fluorosis is eight years. Dental (Murray & Lopez 1996) . The severity of dental fluorosis, therefore, has been considered to be similar to vitiligo on the face (i.e. disability class one) and set at 0.003. † The severity of skeletal fluorosis is relatively high and increases with age (0.24 to 0.50). This is based upon the severity weight for untreated rheumatoid arthritis (Murray & Lopez 1996) , increasing to the upper end of disability class five (Murray 1996) . For simplicity, the severity weight of 0.24 is assumed to apply between the ages of 40 to 59, while the weight of 0.5 is assumed to apply to those aged 60 and above. † Life expectancy is 80 years. † Neither health outcome is reversible after onset. † Fluorosis is not fatal; therefore the DALY calculation is based on YLD (years lived with disability) only. exposure to elevated fluoride in drinking water (FRRDF 1999) . This has been used as the upper estimate of exposure (since most countries are likely to have far lower exposure - Bailey et al. 2006) . In this study, 1% has been assumed as the lower estimate of exposure and 3% as a mid-point estimate.
RESULTS

Exposure-response relationship
Disease burden
The population estimated to be affected by dental and skeletal fluorosis for a number of countries is shown in Table 6 and the mid-point estimate of disease burden in DALYs per 1000 population by WHO CRA region due to skeletal fluorosis is shown in Figure 3 .
The estimates suggest that the greatest levels of disease burden due to skeletal fluorosis are seen in Wpr B
(which includes China); Afr E (which includes Eritrea, Tanzania, Ethiopia, Kenya and South Africa) and Sear D (which includes India). This is in agreement with the literature in terms of where fluorosis problems have been reported (Bailey et al. 2006) .
DISCUSSION
This study has produced an estimate of the population, on a region by region basis, that may be suffering from dental and skeletal fluorosis. While there are local studies of occurrence in some countries, there are almost no empirical country-wide data with which to compare this estimate. The exception is China, where it has been estimated that over 1 million people are thought to be suffering from skeletal fluorosis and 26 million from dental fluorosis as a result of elevated fluoride levels in their drinking water (Liang et al. 1997) . The dental fluorosis estimate of 24 million produced in this study (see Table 6 ) is close to the local estimate. The estimate for skeletal fluorosis, of 10 million, does not. In this preliminary examination it was not possible to account for factors such as aversion behaviour (i.e., the use of water sources containing lower fluoride concentrations), engineering or other mitigation techniques. This may explain why the estimate seems to be reasonable for the relatively minor health outcome of dental fluorosis, where aversion factors are unlikely to come into play, but not for the more severe health outcome of skeletal fluorosis. Cortes et al. 1996; Dissanayake 1996) .
It is also unlikely that a mean fluoride value will adequately predict illness levels. Fluoride concentrations are only one element in assessing population exposure. A second element is the number of people experiencing elevated fluoride concentrations. In this study, this is based on an estimate of those thought to be affected in India (FRRDF 1999) and some circumspection in the use of this estimate is therefore prudent. In addition, exposure also depends on the volume of fluoride-rich water consumed and also the amount of fluoride obtained from elsewhere in the diet.
It is unlikely that the exposure-response curves are globally applicable. This is especially true for the exposureresponse curve derived for skeletal fluorosis which, although it seems to demonstrate a robust relationship (as shown in (Manji et al. 1986b; Liang et al. 1997; Rwenyonyi et al. 1998; Teotia et al. 1998) . Additionally, in many instances, the studies used to derive the exposure-response curve provide limited information on case diagnosis for skeletal fluorosis, and it is likely that the illness has not been uniformly diagnosed between each of the studies cited above. Another consideration is that dental and skeletal fluorosis are chronic diseases. It is possible that the 'snapshot' of current fluoride exposure, reported in most studies, may not be an appropriate measure of past exposure.
Converting the population figures into DALYs adds
another layer of uncertainty, relating to both the severity of illness and duration. It should also be noted that the fluoride-attributed DALYs relate to the current prevalence of these chronic conditions and not simply incidence in a specific year. Other global burden of disease estimates use incidence data and may therefore not be directly comparable with the fluoride case study presented above.
Additional health outcomes have been suggested in relation to the ingestion of fluoride, including cancer, 
CONCLUSIONS
Although it is likely that skeletal fluorosis causes a major disease burden in some countries, it is not currently possible precisely to quantify this burden of illness on a global scale.
More data are needed on drinking water fluoride concentrations, the number of people exposed to such levels and also sensible and validated exposure-response relation- 
